The electrospinning technique as a method for fabricating hydrophobic membranes for membrane distillation (MD) has received much attention in recent times. In this study, TiO 2 functionalized with 1H,1H,2H,2H-perfluorooctyltriethoxysilane was added directly to the dope solution for electrospinning in order to increase the hydrophobicity of the resulting MD membranes. Three concentrations (10%, 15% and 20%) of polyvinylidene fluoride-cohexafluoropropylene (PH) dope solution were used for electrospinning with various amounts of TiO 2 (1%, 5% and 10%) to generate nanofibers. The electrospun nanofiber membrane (ENM) of 20% PH with 10% TiO 2 exhibited the highest surface hydrophobicity (contact angle = 149°) resulting from good dispersion of the TiO 2 particles, while the highest liquid entry pressure of 194.5 kPa was observed for the ENM comprising 10% PH with 10% TiO 2 due to its reduced pore sizes. Furthermore, the ENMs containing 10% TiO 2 exhibited better flux and stable salt rejection than commercial and ENMs without TiO 2 . Notably, there was no severe wetting in the 20% PH ENM with 10% TiO 2 over seven days of operation, despite the high salt concentration (7.0 wt% NaCl) of the feed water.
Introduction
Membrane distillation (MD), a thermally driven separation process, allows only water vapor to pass through the pores of a hydrophobic membrane at relatively low temperature and pressure, while leaving non-volatile matter in the feed [1] . Owing to this operating mechanism, the MD process is now emerging as a system for desalination that can not only produce high quality water (theoretically 100% rejection) without extensive pretreatment, but also reduce energy consumption by using waste heat [2] , for use in applications including brine management, food and pharmaceutical processing, and wastewater treatment. Despite these advantages, however, this technology has some major disadvantages, such as low flux and wetting inside the pores of the membrane, which is accelerated by fouling or scaling, and influences both the water quality and productivity [3] . To offset these limitations, an ideal membrane for MD must enable water vapor to penetrate through the membrane easily, exhibit water-repellent properties (i.e., hydrophobicity), and have a high void ratio, lower fouling, and high chemical/thermal stability [4] . Moreover, the membrane thickness must be properly controlled in order to increase the vapor permeability and energy efficiency of the membrane, when considering heat and mass transfer.
Electrospun nanofiber membranes (ENMs) have continued to gain recognition and are of great interest due to their high void volume fraction and hydrophobicity [5] . Furthermore, the membrane structure can be controlled easily using the electrospinning method by changing the dope solution concentration, voltage, flow rate, and the distance from the collector, as well as the ambient conditions. Typically, hydrophobic polymers such as polytetrafluoroethylene (PTFE), polypropylene (PP), and polyvinylidene fluoride (PVDF) are used to fabricate MD membranes [6] , though PVDF is preferred due to its solubility. Although the structure of ENMs and the inherent hydrophobicity of the polymer are effective in preventing wetting and preserving the high productivity of the membrane, many attempts have been made to improve the membrane properties [7] because the reduction of the permeability of the ENMs by wetting cannot, fundamentally, be avoided.
Pore size, distribution and geometry, hydrophobicity, and the surface energy of a membrane are all significant properties that affect membrane wetting, so their effects on the liquid entry pressure (LEP) of a membrane are well studied. A higher membrane LEP is ascribed to enhance the membrane properties towards high surface hydrophobicity and low surface energy. Among the methods for enhancing the properties of MD membranes, numerous approaches have been attempted through their surface modification with CF 4 plasma [8] [9] [10] , fluoroalkylsilane [11] , and hydrophobic nanoparticles [12, 13] . Specifically, nanomaterials have been incorporated as versatile materials for obtaining a superhydrophobic surface with a high contact angle (>150°) and low hysteresis angle (<10°), as inspired by the extremely water-repellent surface of the lotus leaf and silver ragwort leaf. Recently, certain reports have documented hydrophobic membranes functionalized with nanomaterials for application in MD. Razmjou et al. [14] and Meng et al. [15] achieved the preparation of superhydrophobic membranes incorporating TiO 2 nanoparticles for MD using dip coating and a low temperature hydrothermal process, respectively, followed by fluorination. Although modification of the membranes enhanced their hydrophobicity, bonding of FTES to the TiO 2 coating decreased the membrane permeability due to pore restrictions [15] .
Only the selective (upper) layer of the dual-layer membrane displayed remarkable hydrophobicity, and to accomplish better MD performance, a thicker selective layer was required [16] . However, thick membranes can cause high resistance to mass transfer, resulting in low permeability [17] .
On the other hand, enhancement of the properties of ENMs by simple modification to increase their hydrophobicity and durability has shown promising results in MD applications. Wang et al. [13] introduced various bio-inspired approaches for achieving superhydrophobicity through posttreatment with nanoparticles or direct application of nanomaterials by electrospinning.
Furthermore, another group reported outstanding superhydrophobic dual-layer ENMs for direct contact membrane distillation (DCMD), where an extremely water-repellent surface of the ENMs was obtained [16, 18] . Although recent studies related to hydrophobic ENMs with nanomaterials have been reported, most have focused on the surface properties of ENMs for use in short term operations [13] . Such hydrophobic modifications were primarily achieved by coating of the surface of membranes, which requires large amounts of nanoparticles [16, 18] .
Moreover, only limited information as to their long-term performance is available for MD nanocomposite ENMs with reference to the durability of hydrophobicity over progressive fouling, wetting, or the likelihood of nanoparticle detachment.
In this study, we set out to fabricate a robust and hydrophobic membrane for achieving enhanced MD performance by adding functionalized hydrophobic TiO 2 nanoparticles into the dope solution used for electrospinning. It was expected that the resultant protruding nanofibers would have higher hydrophobicity, which is ascribed to surface roughness, enhanced pore geometry, as well as chemical resistance to the feed solution. Inorganic nanoparticles such as Al 2 O 3 , SiO 2 and TiO 2 improve the electrical conductivity of polymer electrolyte, among which TiO 2 appeared to have potential for the most remarkable improvement [19] . Specifically, TiO 2 is a favorable nanomaterial as an additive due to its stability, non-toxicity, and low cost [20] , and its photocatalytic activity gives it potential to enhance the antifouling properties of membrane [21, 22] . Previous research have shown the applicability of TiO 2 nanoparticles as an additive for ENMs in terms of membrane fabrication for photocatalytic degradation [23] [24] [25] and air filtration [26] . However, there have been few reports related to the direct application of TiO 2 nanoparticles in ENMs for MD processes via electrospinning. In this study, various loadings of TiO 2 , which was functionalized to produce a hydrophobic surface as pristine TiO 2 is hydrophilic, were incorporated into a polyvinylidene fluoride-co-hexafluoropropylene (PH) solution. The effects of the hydrophobic TiO 2 particles on the properties of the ENMs were investigated, and lab-scale MD was performed with the resultant membranes to evaluate their long-term performances. Concentrate (7.0 wt% NaCl) was used as a feed solution to demonstrate the performance of these membranes without compromising durability and sustainable operation by wetting, fouling.
Materials and methods

Membrane material and chemicals
The dope solution for electrospinning was prepared from PVDF-HFP (referred herein as PH, M w = 455,000 g/mol), lithium chloride (LiCl) as an additive, with N,N-dimethylformamide (DMF) and acetone as solvents, all of which were purchased from Sigma-Aldrich. Titanium dioxide (TiO 2 , particle size = 21 nm) and 1H,1H,2H,2H-perfluorooctyltriethoxysilane (FTES) used in the fluorination were also purchased from Sigma-Aldrich. Commercial PVDF membrane (HVHP, 0.45 µm diameter) purchased from Millipore was used for the comparison of performance to treat concentrate in this study.
TiO 2 functionalization and dope solution preparation
To introduce the desired hydrophobic characteristics to TiO 2 nanoparticles and improve their dispersion in the PVDF dope solution, the as-received hydrophilic TiO 2 nanoparticles were functionalized using FTES. Pristine TiO 2 nanoparticles (1.6 g) were dispersed in toluene (50 mL) in a bottle using sonication for 1 h. FTES was hydroxylated by placing FTES (0.5 g) and distilled water (0.75 g) in toluene (50 mL), and stirring the solution well for 1 h. A mixture of the two aforementioned solutions was stirred in a glove box filled with N 2 gas for 18 h to allow the FTES to bond with the TiO 2 particles, as shown in Fig. 1 . After covalent bonding of the TiO 2 particles with FTES was complete, the modified particles were thoroughly washed with toluene and dried in an oven at 60°C for 48 h. The as-prepared FTES-TiO 2 particles were then mixed well in DMF and sonicated for 2 h, prior to their addition to the dope solutions. was used for stable fiber formation in the case of the 10% PH solution due to low concentration of dope solution [26, 27] . After complete dissolution of the polymer over the course of one day, the as-prepared hydrophobic TiO 2 (1%, 5%, and 10%) was combined with each of the aforementioned PH solutions (10%, 15%, and 20%). The mixtures were stirred at 50 °C for one day, and then gently agitated at ambient temperature (25 °C) for 4 h before electrospinning was performed.
Fabrication of ENMs
The electrospinner used in this study was comprised of a plastic syringe combined with a metal nozzle and a grounded rotating collector covered with aluminum foil. The flow rate of the addition of the dope solution by syringe was controlled by syringe pump, and the metal nozzle in ENM. The sample was scanned from 10° to 70° at the scan rate of 10°/min.
Pore size distribution, liquid entry pressure (LEP), and contact angle measurements
A capillary flow porometer (POROLUX TM 1000, Germany) was used to measure the pore size distribution, as well as the mean and maximum pore sizes of the membranes prepared. The membrane was wetted with a low surface tension liquid (POROFIL, 16 mN/m) and placed in a sealed chamber that was then pressurized with N 2 gas. After first bubble point, when the pressure was high enough to push the liquid out from the largest pore, the gas flow was increased at a fluctuating rate until all of the pores were opened. This process was discontinued after a linear increase of the gas flow was observed. After completion of the wet curve recording process, a similar process was implemented to acquire the dry curve until the linear dry curve intersected the linear section at the end of the wet curve. The pore size could be determined using the program's automatic calculation based on the bubble point and gas permeation.
LEP was measured using the same capillary flow porometer. After placing the membrane sample in a sealed chamber, sufficient distilled water was poured on the surface of the membrane to cover the membrane completely. The water on the surface of the membrane was pushed into the membrane by the N 2 gas as the pressure was increased gradually at a rate of 0.16 kPa/s. When the pressure was sufficiently high to enable penetration of water through the membrane, the pressure was not increased any further, which resulted in a pressure drop. The pressure value at the point immediately prior to the pressure drop is regarded as the LEP, and to reduce any error, this measurement was repeated more than three times.
The EASYDROP Contact Angle Measuring System (Kruss, Germany) was used to measure contact angles of water on the membrane surface. A membrane specimen was placed on a sample board, and a 5 µL droplet of deionized water was placed on the membrane using a syringe equipped with a thin needle. The image captured of the water drop on the membrane was transferred to a computer equipped with a video-digitizer board and shown on the monitor.
DSA1 software was used to analyze the image and calculate the contact angle by a geometrical method (sessile drop).
Porosity and tensile strength measurement
The membrane porosity was determined by a gravimetric method. After measuring the weight of the dry membrane sample (3 cm × 3 cm), the sample was fully wetted with ethanol and the weight of the wetted membrane was measured after 30 min. The porosity could be measured by calculating the volume of ethanol in the membrane sample from the dry weight, wet weight, and material density of ethanol and the PH polymer.
The tensile strength of each membrane sample was measured using a Materials Testing Machine (LS1, Lloyd-ametek) with a 1 kN load cell. After measuring the thickness of the sample (1 cm × 3 cm) by digital micrometer (Mitutoyo, Japan), the test was carried out at an elongation rate of 5 mm/min at room temperature.
Morphology and diameter of the nanofibers
The morphology of the membrane was visualized by scanning electron microscopy (SEM). The
ENMs were coated with a thin layer of gold by sputtering for 80 s to obtain a clear surface image. 
Direct contact membrane distillation (DCMD) experiment
Evaluation of the performances of the ENMs in DCMD was conducted with a lab-scale DCMD system ( Fig. 2) composed of pumps, a feed/permeate tank, digital balance, flow meter, and custom-made acrylic casing. The feed and permeate solutions were circulated in opposite directions across the hydrophobic membrane (9.8 cm 2 ) mounted in the acrylic casing. The hot feed water, with a conductivity of around 115 µS/cm (7.0 wt% NaCl), was heated in the range of 60~61 °C by the hotplate/stirrer, and circulated at a flow rate of 450 mL/min. The cold permeate water, with a conductivity of below 2 µS/cm, was circulated at the same flow rate while keeping the temperature at approximately 20 °C. The permeate tank filled with 1 L of distilled water was placed on the digital balance connected to the computer for data logging. The conductivity probe was submerged in the permeate solution to monitor the conductivity and temperature. All of the tubes used in the experiment were covered with an insulator to minimize heat loss, and the flux data and permeate water conditions were recorded by a computer and conductivity meter, respectively. vibration [27] and Ti-O-Ti bonds [28] , respectively. Another broad absorption band and a sharp peak derived from physically adsorbed water on the surface of TiO 2 were also observed around 3400 and 1620 cm -1 , respectively [29] . The original spectral features of TiO 2 could thus be identified in the profiles of both the untreated and treated TiO 2 particles. However, several peaks assignable to ν(C-F 2 ) could also be observed at 1273, 1191, 1134, and 1111 cm -1 in the FTIR spectra of FTES and functionalized TiO 2 [30] . Moreover, the peaks in the range of 1110 to 1350 cm -1 and those at 820 and 890 cm -1 were ascribed to ν(C-F 3 ) [30] , where it was difficult to distinguish the ν(C-F 3 ) absorption bands due to their overlap with the Ti-O-Ti band in the case of functionalized TiO 2 [29] . It can thus be confirmed that the hydrophilic surface of pristine TiO 2 was successfully modified with FTES to form hydrophobic particles. The hydrophobicity of the particles prepared could also be confirmed by their insolubility in water, as shown in the below photo ( Fig. 3(d) ). The X-ray diffraction showed two types of PVDF polymorphs (α and β phase) in both neat PH ENM and PH ENM incorporated with TiO 2 particles (Fig. 4) . A diffraction peak at 18.5° is attributed to the (020) reflection of the α phase [31] . In the case of β phase, two diffraction peaks at 20.7° and 36.4° were observed, the former of which is the strong peak corresponding to the (110) and (200) reflections, and the latter of which is the weak peak corresponding to the (201) reflection [32] . While the addition of TiO 2 caused a slight decrease in the β phase, the PH ENM containing TiO 2 still shows a similar spectrum whereby the β phase is more intense than the α phase. Additional diffraction peaks were observed at 25.4° and 48.2°, corresponding to the characteristic peaks of TiO 2 [33] , which confirms the successful introduction of TiO 2 particles into the PH fibers. functionalized TiO 2 nanoparticles.
Surface morphology of ENMs
Prior studies show that an even and uniform distribution of nanocomposites in a nanofiber is important when nanoparticles are added to a polymer solution in order to improve the properties and performance of the resulting membrane [34] . Lalia et al. [35] reported that the incorporation of nanocrystalline cellulose (NCC) at concentrations of 1~4% into nanofibers could be achieved without the formation of beads in 10% PH solution; therefore, in this study, 1%, 5%, and 10% TiO 2 particles were incorporated into the nanofibers, because higher than 10% concentrations induced the formation of abnormal beads that resulted in unstable nanofibers.
In all membranes, noticeable and protruding TiO 2 particles were observed on the surface of fibers and membranes containing more than 5% TiO 2 concentration. The morphology of the electrospun membranes containing 10% of TiO 2 particles showed the highest contact angles for each polymer concentration, as shown in the FE-SEM images presented in Fig. 5 . Each fiber exhibited a unique PH concentration related morphology. While large-sized TiO 2 aggregates were observed in the fiber of the 15% PH ENM (Fig. 5(c) ), the TiO 2 particles in the 10% and 20%
PH showed better dispersion with evenly incorporated particles. Although the particles in the dope solution were exposed to vigorous stirring and sonication for dispersion, there was still a strong tendency for re-agglomeration among the TiO 2 nanoparticles during the preparation for and execution of electrospinning due to their large surface area [36] . As the TiO 2 concentration was based on weight of polymer, the dope solution for the 10% PH ENM contained the smallest amount of TiO 2 particles per volume and thus showed the longest distance among the TiO 2 particles. The weakened influence of the Van der Waals force (the dominant force affecting two molecules within a certain distance) due to the longer distance between particles explains why 10%
PH can be most favorable TiO 2 particles dispersion. However, this same explanation cannot fully explicate why particle dispersion in 20% PH was better than that of the 15% PH. Nguyen et al. [37] reported that the viscosity of the solution does not affect the final size of the clusters formed during the sonication for particle dispersion. Thus, the results gained for 15% and 20% PH ENMs can be attributed to the influence of viscosity on the Brownian motion after sonication.
The nanoparticles dispersed in the solution are attracted to each other due to their Brownian motion; however, higher viscosity acts as a barrier for the nanoparticles' Brownian motion. Low
Brownian motion leads to lower possibility of attraction or contact among the nanoparticles, which were dispersed through sonication, and thus, lessens the re-aggregation due to the Van der Waals force [38] . Therefore, despite the larger amount of TiO 2 particles per volume in the 20% PH ENM, its higher viscosity of the dope solution led to less clusters compared to the 15% PH ENMS. Overall, the best viscosity and dispersion for higher membrane performance was found in 20% PH ENM with 10% TiO 2 concentration.
Even though well incorporated particles were observed in 10% and 20% of PH ENMs, more TiO 2 particles were apparent on the surface of the nanofibers of the latter (Fig. 5(d) ) compared to that of 10% PH (Fig. 5(b) ), because an appropriate time is required to position the particles on the outside of the nanofibers. When a highly volatile solvent, such as acetone, is used, the surface of the nanofibers can solidify quickly while the fluid jet is flying to the collector, whereby it becomes difficult for the particles to be transferred from the core to the shell of the nanofibers [39] . As mentioned above, although nanoparticles could definitely be observed on the surface of the nanofibers in previous reports that employed only DMF [23, 40] , which is a less volatile solvent, surface modification of the nanocomposite was not obvious when a DMF and acetone solvent mixture was employed [41] . The protrusions and valleys resulting from the nanoparticles increase the surface hydrophobicity by mitigating wetting and reducing the water-membrane contact area [18] . Micro-wrinkles, which are attributed to buckling instabilities and contraction mismatch of the polymer solution jet [42] , could be observed on the nanofiber surface of ENMs both with and without TiO 2 particles. In particular, the 20% PH ENM fiber presented an obviously wrinkled surface topography when compared to other ENMs. The effects of the hydrophobic nanoparticles are described in the MD of the concentrates presented in Sec. 3.5. 
Nanofiber diameter and membrane pore configuration
Polymer concentration is one of the most important parameters that influence solution viscosity, which in turn affects the ability to maintain a stable nanofiber shape. As previously reported [43] , as well as in this study, the diameter of the nanofibers obtained also increased with increasing PH concentration, as shown in Fig. 6 . When TiO 2 particles were incorporated into the nanofibers, their diameters decreased, although the overall diameter distribution remained similar. It has also been reported, however, that fiber diameters increase upon the addition of clay nanoparticles, due to an increase in the viscosity of the polymer solution [41] . The results obtained herein can be ascribed to the effects of the second electrospinning step, which involves adjacent nanofibers containing inorganic nanoparticles with higher electronic densities [44] .
Pore size and distribution are critical parameters that affect the performance of nanofibers in the MD process [45] . Previous reports suggest that membranes for MD should have appropriate pore sizes to prevent wetting, as well as enhance Knudsen diffusion and viscous flow [46] . As shown in Table 1 , the mean pore size of the 20% PH ENM containing TiO 2 particles was slightly lower than that of neat 20% PH ENM (0.7 µm), while the pore sizes of the 10% and 15% PH ENMs decreased to around 0.3 and 0.6 µm, respectively. These observations are due to changes in fiber diameter resulting from differences in the polymer concentration and resulting aggregation of the TiO 2 particles. Moreover, a narrow pore size distribution was observed upon decreases in the concentration of PH for 10% TiO 2 PH ENM (Fig. 7) . The difference in pore size of the 10% and 15% PH ENMs in spite of the similarity of their fiber diameter can be likely attributed to the differences in solvent volatility and electrospinning time. Table 1 , the contact angles of the ENMs prepared in this study were greater than 140°, which is significantly higher than those of commercial membranes. In all membranes incorporated TiO 2 particles, the value of the contact angles were increased as the morphology of the fibers were modified through the addition of TiO 2 . However, in low concentrations of TiO 2 (1% and 5%), improvement of the contact angle was marginal compared to the addition of 10%
Previous studies have reported the achievement of contact angles greater than 150°, i.e. so-called superhydrophobic membranes, by means of dip coating and post-treatment [14, 15] , or membrane surface coating [16] using nanoparticles. In this present study, electrospinning of the polymer solution containing hydrophobic nanoparticles enabled the nanoparticles to be effectively embedded on the surface of the fibers and the highest contact angle for the membrane with 20% PH and 10% TiO 2 was very close to 150° (Fig. 8(a) ). Although the hydrophobicity of the surface is effectively repellent to water, water vapor keeps passing through the membrane in MD processes and there is no resistant barrier if water penetrates through the hydrophobic surface due to fouling and wetting. It is expected that not only hydrophobic surface of membrane but also hydrophobic particles embedded inside of the membrane can endure to prevent wetting.
Based on the Cantor-Laplace equation, the LEP of a porous membrane is proportional to the contact angle, liquid surface tension, and the inverse of the maximum pore size [47] : (1) where, B and r are the shape factor and the radius of the membrane pore, respectively, γ is the surface tension of the wetting liquid, and θ represents the contact angle between the membrane sample and the wetting liquid. 
Structural stability and porosity
The tensile strength of ENMs is closely related to the inherent mechanical properties of polymer nanofibers, as well as the structures between nanofibers [48] . Tensile strength decreases with decreases in polymer concentration, due to the fact that a low concentration of the polymer induces the formation of small diameter fibers, as has been previously reported [49] . In Table 1 , the insignificant differences between the fiber diameters and tensile strengths of the 10% and 15%
PH ENMs are attributed to the different solvents, whereby the accelerated evaporation of acetone influenced fiber formation such that similar fiber diameters and tensile strengths were observed.
Compared to neat ENM, the strength and elongation of the ENMs containing TiO 2 decreased slightly. Notably, the elongation of the 10% and 15% PH ENMs declined considerably, which implied a relative brittleness of the PH matrix upon the introduction of TiO 2 particles. The mechanical strength of all the membranes was sufficient for application in MD processes. The
ENMs containing nanoparticles fabricated in this study also exhibited high porosities of around 90% ( Table 1 ). The embedded nanoparticles in the fibers cause a slight increase in porosity, which might be attributed to the fact that protrusions of the nanoparticles on the surface of the fibers can lead to the formation of a loose structure between thin layers comprising numerous nanofibers and increased pore size.
3.6 Performance of DCMD process for desalination of concentrates Interestingly, the ENMs with hydrophobic 10% TiO 2 nanoparticles embedded on the fiber surface showed low permeate conductivities (below 2.1 µS/cm for two days, and below 7.0 µS/cm for seven days), although the membranes had large pore size compared to commercial PVDF membranes. This result can be attributed to the specific structure of the ENMs composed of overlapping nanofibers surrounded by hydrophobic particles, which confers greater hydrophobicity to the entire membrane by integral modification. In addition, there was no evident change in flux over two days of MD operation in the case of the ENM comprising 20%
PH with 10% TiO 2 , whereas a slight decrease in flux was observed for the ENM comprising 10%
PH with 10% TiO 2 .
As mentioned in Section 3.2, 20% PH with 10% TiO 2 exhibited more TiO 2 particles on its surface and an obvious wrinkled structure of its fibers than did that of 10% PH with 10% TiO 2 .
Such a wrinkled structure is typically resistant to pore wetting, which causes a decrease in permeability during MD. In addition, this surface morphology increases the effective surface area of the membrane for the generation of more water vapor, and may reduce the temperature polarization by turbulence on the membrane surface [50] . Therefore, the unique morphology of 20% PH with 10% TiO 2 is more favorable for anti-wetting, as well as long-term MD performance. As shown in Fig. 9 (d) , the permeate quality of 20% PH ENM with 10% TiO 2 during seven days did not deteriorate as dramatically as that of neat ENM in the absence of TiO 2 . In general, the addition of nano-filler to improve ENM performance was carried out using two methods, one that covers the surface of pure ENMs with polymer containing nano-fillers by electrospraying or electrospinning, and the other that electrospins the polymer solution containing the nano-fillers, as was employed in this study. Table 2 compared our study and previous literatures dealing with both pure ENMs and nano-filler added ENMs summaries information on membrane properties and MD performance. There was no significant improvement in MD performance in terms of flux, despite the fact that surface coating of nanofillers improved the hydrophobicity of the membrane surface more dramatically than that of a mixed nano-filler and dope solution. Notwithstanding the lower surface hydrophobicity of the membranes prepared in this study using the latter method, a high flux and complete hydrophobic membrane structure was instead achieved, such that the ENM membrane inside was as hydrophobic as its surface. Even when the same concentration of TiO 2 was incorporated into the membranes, the morphology of the TiO 2 on the fiber surfaces was dependent on the polymer concentration, particle mass, and volatility of the solvent. The particles on the fiber surface could confer hydrophobicity to the entire membrane, as opposed to only its surface, which prevented the deterioration of the quality of the permeate water during membrane operation over two days. 
